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Ever since the phenomenon of microbial enzyme adaptation began to be studied seriously it has been of obvious interest and importance to determine the nature of the substance or substances responsible for the increase in enzyme activity that occurs after treatment of cells with the specific inducer. Although it has often been aasumed-in many cases not unreasonably-that the development of enzyme activity corresponded to the production of an equivalent amount of some distinct, enzymically active protein, direct proof of this assumption (for Escheriohia coli fi-galactosidase induction) was not provided until quite recently (Cohn & Monod, 1951) . A further query, which could not be answered until the induced enzyme had been isolated and purified, was whether it showed any peculiarities or distinctive features that might place it in a class apart from 'ordinary' (constitutive) enzymes produced by cells spontaneously in the absence of inducer. More specifically this question may take the form of the problem as to whether a spontaneously produced (i.e. basal or constitutive) enzyme belongs to the sane molecular species as the catalytically similar enzyme evoked after addition of a specific inducer. If the 'spontaneous' and the induced enzymes consisted of different types of protein molecule, the mechanisms for their production would probably be quite distinct; and the inducer would have to be considered as initiating the formation of a new kind of protein instead of merely increasing the rate of production of a molecular species already formed to some extent in its absence. The 'unitary hypothesis', discussed by Cohn & Monod (1953) , which postulates basically similar mechanisms for the formation of constitutive and induced enzymes, would be thus greatly weakened. This question, which we have attempted to answer in this paper, can be best approached by the comparative study of a purified induced enzyme and the catalytically similar enzyme formed by the same, or closely related, cells in the absence of inducer. Ideally, such a comparison should be made between purified induced enzyme and the constitutive moiety (usually referred to as 'basal enzyme') produced by the same cells without added inducer. So far, however, this has not been achieved because of the very small amounts of basal enzyme formed by most inducible cultures. Comparisons have indeed been made with impure enzyme preparations in the case of the ,-galactosidase of Esch. coli (Monod & Cohn, 1952) , the exocellular penicillinases of Bacillus subtilis and B. cereus (Manson, Pollock & Tridgell, 1954) , and with partially purified fl-galactosidase preparations from Neurospora (Landman, 1954) . No significant differences were detected. As pointed out by Manson et al. (1954) , however, analysis of impure inducible mutant ever been isolated from either 5 or 5/B. A constitutive mutant has, however, been successfully isolated from the inducible strain 569. Table 1 illustrates the relationship of the strains referred to and the enzymes they synthesize. This constitutive strain, 569/H, produces about the same enzyme activities as 5/B under similar conditions, but is distinguishable from 569 only by its independence of penicillin for the formation of large quantities of penicillinase. It seemed, therefore, to be a satisfactory source of enzyme for comparison with the induced enzyme of 569. (Pollock & Tridgell, unpublished) , although they were later (see Table 3 ) found to be quite distinct in physicochemical properties. The nearest approach to a comparison of purified constitutive and induced enzymes produced in the same organism would be provided by a comparative study of the enzyme produced by closely related strains, differing only in the extent to which addition of inducer was essential for maximal enzyme formation. B. cereus 5, which is the parent strain of B. cereus 5/B (Sneath, 1955) , and which produces no penicillinase detectable by manometric assay, cannot be induced to form the enzyme by treatment with penicillin; nor has an Pollock & Torriani (1953) isolated a highly active preparation of induced 569 penicillinase from 50 1. of culture in a peptone medium. But although this preparation showed a single peak on electrophoresis, ultracentrifugal analysis (Dr A. G. Ogston, private communication) indicated heterogeneity, and significantly different sedimentation constants and boundary-gradient shapes were obtained with two separate batches prepared by similar techniques. It was thought possible that some contaminating protein ingredient of the peptone might have formed complexes with the penicillinase and thus have been responsible for these inconsistent results. The successful purification of B. cerews 5/B exocellular penicillinase (Pollock, Torriani &Tridgell, 1956) produced in a casein-hydrolysate medium encouraged the hope that the same medium and methods could be employed for the production and purification of 569 (induced) and 569/H penicillinases.
METHODS OF PRODUCTION
AND PURIFICATION General Penicillinase assay, nitrogen estimations and specific activity meaurements on enzyme samples. These were made as described in the preceding paper ). the inducible strain used for previous work on penicillinase adaptation (see Pollock, 1953) . Treatment of cells with penicillin will cause up to a 500-fold increase in the rate of penicillinase formation.
(b) B. cereus 569/H (referred to as 5691H). This constitutive mutant, derived from 569 was isolated as follows. As previously pointed out (Manson et al. 1954) , inability to isolate a constitutive mutant by subculture of the inducible strain in a penicillin-containing medium could be attributed to the negligible selective advantage that such a mutant might have in the presence of rapidly inducible parent cells. For this reason no velvet-pad isolation (Lederberg & Lederberg, 1952) was ever attempted. Instead, five large square dishes (normally used for antibiotic assay; Kantorowicz, 1951) were prepared as follows: bottom layer: 150 ml. of 'S' peptone broth, pH 7-6 (Pollock & Perret, 1951) containing 1-5 % agar; middle layer: 100 ml. of 'S' broth with 3 % agar inoculatedwith 106 spores of 569; top layer: 100 ml. of 'S' broth with 3% agar. All layers contained 4% of Andrade indicator (colourless at pH 7-6). The plates were incubated at 300 for 16 hr. Growth appeared as a semiconfluent 'haze' of micro-colonies. A solution of penicillin (10 ml.; 2 x 105 units/ml.) was added to each plate, which was left on a levelled table at room temperature and carefully inspected every 10 min. After 45 min. one small pink area (indicating hydrolysis of penicillin to penicilloic acid) was noted in one of the plates. The agar including this pink spot was cut out, fragmented, and incubated for 4 hr. in 5 ml. of broth, a drop of which was then streaked on plates of nutrient agar containing Andrade indicator. Incubation of these plates overnight at 350, followed by addition of concentrated penicillin solution, resulted in rapid development of pink colour around 30% of the colonies, showing them to be constitutive penicillinase producers; the 569/H strain was thus purified. In order to be certain that this single micro-colony was derived directly from 569, and was not an aerial contaminant, the whole procedure was repeated with spores of a doubly marked strain (isolated by Dr P. H. A. Sneath) derived in two successive steps from 569. This double mutant (569/f/i) could be identified by its resistance to streptomycin and by the formation of a characteristic yellow pigment which was liberated into the surrounding medium. A constitutive penicillinase mutant was isolated in a similar manner from a total 5 x 106 spores of 569/f/i, and, on testing, was found to be streptomycin-resistant and capable of producing a yellow pigment. It thus seemed reasonable to conclude (a) that 569/H was likewise derived by mutation from 569, and (b) that the transformation was due to a single spontaneous mutation, occurring before addition of the penicillin, which can have acted (in the 45 min. elapsing between its addition and evidence of penicillinase action) only as an indicator of enzyme already formed by the micro-colony under test.
Medium (CH/C). This comprised: Difco casamino acids (technical), 10g.; KH2PO4, 2-72 g.; sodium citrate, 5-88 g. dissolved in 200 ml. of water; conc. NaOH solution added to give pH 7-2, and water to 1 1. It was sterilized by autoclave. A portion (10 ml.) of a solution containing 0.51 g. of MgSO4,7H20 and 3 ml. of a 0.16% solution of (NH4)2Fe(SO4)2,6H20 was autoclaved and added to the solution, separately.
Enzyme production
The first attempt at large-scale production and isolation of B. cereus 569 induced penicillinase from a caseinhydrolysate culture in a 3201. deep fermenter ended in failure. The reasons for this were: (1) Low enzyme titre following induction in the casein-hydrolysate medium; (2) inactivation of the enzyme by excessive foaming, which could not be completely controlled in the deep fermenter, even by continual addition of Silicone antifoam; (3) large losses of enzyme which occurred during the preliminary concentration of 3201. of supernatant fluid by distillation under reduced pressure (lasting 2-5 days) and final concentration by pressure dialysis.
It was clear that, before proceeding further, it would be necessary to solve the problems (a) of enzyme stabilization in the casein-hydrolysate medium during and immediately after culture, and (b) of rapid and efficient concentration of enzyme from large volumes of culture supernatant fluid. The first problem was solved by Mlle Torriani of the Institut Pasteur, Paris, who found that the incorporation of 0-02M potassium citrate in the medium prevented losses of enzyme during and after growth, and who generously passed on this information to us. A proteinase liberated by the cells into the culture medium had been previously suspected of causing inactivation of penicillinase. Thus it seems possible that the citrate prevents destruction of the penicillinase by reducing the concentration of Ca2+ and Mg2+ ions, thereby inhibiting the production or action, or both, of the proteinase (Gorini & Fromageot, 1950) .
The second problem was solved by the chance observation that the enzyme was completely removed from solution after passage through an ordinary, porosity-grade 5, bacteriological sintered-glass filter. It could be largely recovered by treatment of the glass filter with a high concentration of phosphate buffer. Small-scale trials with the fine-mesh glass powder used for making these filters (Baird and Tatlock) showed that 95 % of the enzyme could be absorbed on the glass from the casein-hydrolysatecitrate medium and up to 90% rapidly eluted by 0.5-saturated (NH4)2S04 solution at pH 8-5. This elution technique offered the additional advantage of allowing the removal, at the same time as the glass, of any proteins which, unlike penicillinase, were insoluble in 0-5-saturated (NHA)2S04. The penicillinase eluted from glass was later found to be practically free from other protein. Thus in one simple manoeuvre it was possible both to concentrate and purify the enzyme from large quantities of culture, with relatively slight loss.
Absorption on glass surfaces has also been tried by Rasmussen (1954) , who used pulverized quartz sand for the partial purification of testicular hyaluronidase. In general, however, it seems that this technique might be better suited for the concentration and purification of proteins from large volumes of very dilute solutions.
A large batch of B. cereus 569 uninduced culture was also grown, primarily in order to obtain enough 'basal' enzyme at comparatively high concentration to permit an immunological study of its properties, including precipitation and absorption of antibodies prepared against the induced enzyme (Pollock, 1956 ). The methods adopted for the various enzyme preparations differed only as follows: (a) Basal enzyme. Inoculum: strain 569; no additions to medium during growth. Smith (unpublished) . This involved the addition of 40 ,ug. of 8-azaguanine/ml. to the culture at a bacterial density of 0-8 mg./ml. and subsequent incubation for a further 2-5 hr., during which period further growth and enzyme production were almost completely inhibited. In all other respects (apart from the absence of penicillin) the culture was grown in the same manner as 569, and since 90 % of the enzyme had been formed before addition of 8-azaguanine it was not thought likely at the time that the preparation, referred to as 569/H(1), would be significantly affected.
Isolation of enzymes
Here again the methods used for the various types of enzyme differed only in minor details, except where specifically indicated. The basic procedure was as follows:
Absorption on, and elutdon from, glass. Glass powder (1 kg.) was added to the supernatant fluid and left therein overnight (90-95 % maximal absorption is, in fact, attained within 3 hr.), with occasional stirring. The glass was then removed in the Sharples centrifuge and treated with 500 ml. of acetone, previously cooled to -20°, in order to remove lipids which otherwise proved troublesome during subsequent ammonium sulphate precipitation. It was later found preferable to wash the remaining acetone off the glass with two lots (each 11.) of 0-02m potassium citrate (pH 7.0) before eluting the enzyme. But in the preparations referred to here the glass was treated, immediately after centrifuging from acetone, with three successive lots of 400 ml. of 0'5-saturated (NH4)2SO4 solution containing 0-1m potassium phosphate brought to pH 8-5 by addition of aqueous NH, solution.
Elution is very rapid and the glass can be spun off as soon as it has been evenly suspended in the (NH4),S04 Ammonium 8ulphate fractionation. The enzyme dissolved in the combined eluates was precipitated at +20 by addition of more (NH4)JSO4 to 1-0 saturation (707 g. of the salt dissolved in 11. of water) at pH 7-0 and the mixture set aside overnight at -2°. The precipitate (later found to be almost pure penicillinase in the batches of induced and constitutive enzymes) was filtered off on a Buchner funnel, dissolved in a minimal volume (usually about 50 ml.) of 0xli potassium phosphate buffer, pH 7-0, and dialysed free of (NH4),SO4 against three changes of 0-01 M potassium phosphate buffer, pH 7 0. After this dialysis, the sac containing the enzyme solution (now increased in volume to about 100 ml.) was dialysed against (NHE)S04 solution (pH 7-0), which was adjusted so that the concentration, after equilibration, would be 0-60 saturated. The slight precipitate that appeared was spun off and discarded, and the supernatant dialysed successively against 0f67-, 0-75-and 0-83-saturated (NH4)2SO4 at pH 7-0. The fractions precipitated at 0-67-and 0675-saturated (NH4),SO4 (containing about 80 % of the total enzyme) were combined and dissolved in a small volume (about 10 ml.) of 0-IM potassium phosphate, pH 7 0, and dialysed against 0-IM potassium phosphate, pH 7-0, to remove all (NH4),S04. Ethanol fractionation. The 569/H penicillinase was further fractionally precipitated with ethanol (previously cooled to -20°and added slowly, with constant stirring, to the enzyme in 0I1M phosphate at -2°), at concentrations rising from 36 to 50 % (v/v) . No increase in specific activity was obtained by this ethanol fractionation, and it was not applied to the 569 induced enzyme. The ethanolprecipitated 569/H enzyme fractions were dissolved in 0-1m potassium phosphate, pH 7*0, and concentrated by precipitation in saturated (NH4),S04, redissolved in 4-0 ml. of the phosphate buffer and dialysed free from (NH4)2SO4 against 0-IM potassium phosphate, pH 7-0.
With very small samples it was possible to elute up to 75% of the enzyme absorbed on the glass, but with the larger batches it was not possible to elute more than 60 %. Some loss may have occurred during acetone treatment, owing to denaturation of the enzyme. Subsequent lossesduring (NH4)2SO4 and ethanol fractionations-were relatively small. With care, an overall yield of about 50 % could be obtained after the (NH4)2SO4 fractionation, when purification of the enzyme is completed. With the basal 569 enzyme, so little precipitate was obtained on addition of saturated (NH4)2504 after elution from glass that it was all dissolved in only 10 ml. and, after dialysis against 0-Ix potassium phosphate, pH 7-0, was precipitated in one step with 0-83-saturated ammonium sulphate and the precipitate finally dissolved in 1-4 ml. of 0-1M potassium phosphate, pH 7-0, and not further treated. INDUCED AND CONSTITUTIVE PENICILLINASE fragility made detailed crystallographic studies difficult. Both types of crystals were birefringent. Although very similar in form they were easily distinguishable by their angles of extinction, which differed by about 160. The yield of large crystals was poor, and there was a tendency towards gel formation at -20. Repetition of the ethanol treatment applied to the mother liquor produced more crystals which, however, were firmly fixed to the sides of the glass tube and were exceedingly fragile, so that after freeing them into a suspension they appeared to be fragmented and irregular (Fig. b) . A solution of these crystals in dilute potassium phosphate (pH 7 0) showed a typical protein absorption curve between 240 and 300 m,u. and had a specific penicillinase activity of 2-02 x 106 units/mg. N, which is not significantly different from that of the mother liquor.
COMPARISON OF INDUCED AND CONSTITUTIVE PENICILLINASE
Crystallization was not achieved before the work reported here had been completed. All physicochemical analyses were done on the purified enzyme preparation before crystallization.
(induced) and 569/H enzymes
Electrophore8is. Both preparations were studied at pH 8-4 and 5-5 in the Perkin-Elmer electrophoresis apparatus. Fig. 2 slight, but significant differences in sedimentation and diffusion constants (giving, however, on calculation, similar molecular weights) were thought possibly to be due to artifacts arising from effects of the ethanol precipitation on the 569/H preparation. In order to test this possibility 30 mg. of the 569 induced enzyme, dissolved in 2-0 ml. of 0 IM potassium phosphate pH 7 0, were precipitated with 75 % (v/v) ethanol and redissolved in 3-0 ml. of the buffer and dialysed against a saturated Vol. 62 397 M. KOGUT, M. R. POLLOCK AND E. J. TRIDGELL solution of (NH4)2S04. The precipitate was dissolved in 1 5 ml. of 0 1M phosphate and dialysed against a buffer solution containing 01 M-NaCl, 0-067m-KH2PO4 and 0 05M-Na2HPO4, pH 7.2. This solution of the enzyme (concn. approx. 0-9 %) was run in the Spinco analytical centrifuge (18 mm. cells) at 50950 r.p.m. and the sedimentation boundary compared with that of a sample of the same enzyme, untreated with ethanol, run under identical conditions. No significant differences in boundary shape or sedimentation rate were observed, and it was therefore concluded that the differences found in the first place between 569 induced and 569/H(1) could not be attributed to the ethanol precipitation of the latter. Thus the possibility had to be seriously considered that the addition of 8-azaguanine to the culture (see above) might have affected the properties of the 569/H(1) enzyme preparation in some way. A small fresh batch of 569/H penicillinase was therefore prepared from 101. of culture distributed in ten 5 1. conical flasks shaken at 35°. The methods of production and extraction were, proportional to the quantity of enzyme formed, exactly those described under 'Methods of production and purification', except that the culture was incubated for 40 hr. and a higher enzyme titre (4700 units/ml. of culture supernatant fluid) so obtained. The overall yield at the stage of concentration by precipitation with saturated ammonium sulphate was 52 %. Thereafter, the enzyme was precipitated three times with 0-75-saturated (NH4)2S04 at + 20 (the precipitate being dissolved in, and dialysed against, 0-1 M potassium phosphate pH 7 0 between successive precipitations); it was finally dissolved in 2-5 ml. of 0. li potassium phosphate pH 7-0 at a concn. of about 1 %. The enzyme was found to have a specific activity of 1-95 x 106 units/mg. of N. The results of an ultracentrifugal analysis of this control 569/H(2) preparation (see Addendum and Table 3) showed that it differed significantly from 569/H(1), suggesting that addition of 8-azaguanine may possibly have affected the properties of the penicillinase subsequently isolated. Moreover, the sedimentation and diffusion constants of 569/H(2) do not differ significantly from those of the 569 induced penicillinase.
A comparison of the biological and physicochemical properties of the enzyme preparations is sulmmarized in Table 3. 569 Basal enzyme The total amount of protein obtained after fractionation of the uninduced 569 culture supernatant was only about 2-5 %, and the total enzyme activity only 0 02 %, of that obtained from the induced culture grown to the same bacterial density ( Table 2 ). The percentage recovery was much less than with the other preparations, probably because of the losses due to the inevitably Table 3 . Summary of physicochemical properties of purified penicillinase from B. cereus 569, induced with penicillin ('induced enzyme') and from B. cereus 569/H, untreated with pencillin ('constitutive enzyme') Comparative figures for B. cereus 5/B constitutive penicillinase (see Pollock et al. 1956 ) are given in the last column in order to illustrate some of the properties in which it differs from the 569 and 569/H enzymes.
569/B1
Constitutive pe Prep. (1) Electrophoretic mobility (cm.'/v/sec.) Glycine-NaCl, ,u=0-2, pH 8*4
Ascending boundary -1-73 x 10-i Descending boundary Sedimentation constants S,OwS Approx. protein concn. 0.9% 2-83 x 10-13 0.3% 2-80 x 10-13 Diffusion coefficient 9.01 x 10-7
Molecular weight 30 600
Molecular activity (molecules substrate hydrolysed/ 1-62 x 105 mol. of enzyme at 300, pH 7.0)
Salting-out constant expressed as mean decrease 0 0754 in logl0 units of enzyme activity remaining in solution/ml./mg./ml. increase in concn. of ammonium sulphate ( +20) (see Fig. 3 ) E280±,w at concn. of 1-0 mg. N/ml. Immunology A detailed immunological comparison, byneutralization and precipitation tests reported elsewhere (Pollock, 1956) , showed no significant differences between the three preparations 569/H, 569 (induced) and 569 (basal), although they were easily distinguishable from the 5/B penicillinase.
(b) A sample (250 ml.) of supernatant fluid was concentrated to about 50 ml. by evaporation at 370 under reduced pressure in the apparatus of Craig (1950) . The concentrate was dialysed under pressure against 10-8M potassium phosphate (pH 7.0) until further reduced to about 2-0 ml., when the sac was tied off, and further dialysed against five changes of 1 1. of 10-3M potassium phosphate pH 7-0. A certain amount of insoluble matter remained, but the whole was made up to a volume of 7 5 ml., and 1.5 ml. samples were analysed for N content in duplicate before and after removal of insoluble matter by centrifuging. Table 4 summarizes the results found with cultures grown to about the same bacterial density The mean specific activity found for the 569 induced penicillinase was a little over twice that obtained on isolation of the enzyme from a peptone medium by another method (Pollock & Torriani, 1953) . It seems likely, therefore, that earlier results were to some extent vitiated by contaminating proteins from the peptone forming relatively stable complexes with the enzyme. This may also partly explain the curious results of , who claim to have obtained a 'highly purified' preparation of induced penicillinase, from the same strain (B. cereu3 569) grown in a peptone medium, which had a specific activity less than 1/30 of the preparation described here.
The conclusion of Pollock & Torriani (1953) about the catalytic action of penicillin as inducer for penicillinase production in B. cereus remains, however, unaffected. Assuming a mol.wt. of 31000 and a specific activity of 2 x 106 units/mg. protein N, it can be calculated that in CH/C or broth at 350 the quantity of penicillinase formed by B. cereue 569 after induction by penicillin corresponds to the production of between 30 and 40 molecules of enzyme per hour for every atom of penicillin sulphur specifically fixed on the cells. It has previously been shown (Pollock & Perret, 1951; Pollock, 1952) that the rate of penicillinase formation is proportional to the amount of penicillin sulphur specifically fixed on the cells after treatment with M5S-labelled penicillin and removal of all free penicillin by repeated washing or by destruction with penicillinase. In whatever manner penicillin functions as inducer of penicillinase, it must therefore act, directly or indirectly, in the role of catalyst. These results are consistent with the 'organizer' theory of enzyme induction proposed by Pollock (1953) and by Cohn & Monod (1953) .
It is significant that, with the uninduced 569 culture, the amount of protein obtained by the procedure designed for specific isolation of induced or constitutive penicillinase was only 2 5 % of that obtained from a parallel, induced culture of the same organism. This demonstrates that induction of penicillinase corresponds to the formation of a specific protein with distinct physicochemical properties. The fact that the specific activity of the basal enzyme preparation was only 2% of that of the induced preparation is not of any significance when the total material available for purification was so minute. If, indeed, the basal and induced enzymes are identical the total weight of basal enzyme available during the final stages of fractionation was only about 0-2 mg., obviously far too small an amount to isolate and purify by these methods. It seems much more likely that the low specific activity of the basal enzyme preparation is due to the presence ofan impurity, small in absolute quantity but large in proportion to the amount of basal enzyme, which is possibly also present in the induced preparation. The presence of only 2-5 % of impurity in an uncrystallized preparation of a protein might be considered hardly surprising, so that the finding of such small amounts of protein after fractionation of the uninduced preparation may, not unreasonably, be taken as indicating the approximate degree of purity ofthe induced enzyme preparation.
The similarity between the induced and constitutive enzymes in electrophoretic mobility at two pH values, specific activity, sedimentation and diffusion constants and solubility in ammonium sulphate, is all the more striking when the values are compared with those found for the penicillinase of a related strain of B. cereus (5/B) reported in the preceding paper 2. A constitutive penicillinase, produced without penicillin treatment by a strain (B. cereu8 569/H) derived from B. cereus 569 by a spontaneous mutation, has been purified by the same technique and found not to differ significantly from the induced enzyme of its parent strain by any of the characters examined (specific activity, sedimentation and diffusion constants, electrophoretic mobility and salt solubility). This similarity is consistent with the hypothesis that induced and constitutive enzymes are formed by basically the same mechanism.
3. The constitutive penicillinase of B. cereus 569/H is, however, quite distinct physicochemically from the constitutive penicillinase of B. cereus 5/B.
4. Fractionation of the supernatant fluid from an uninduced culture of B. cereus 569 by the specific technique used for isolation of penicillinase yielded only 2 5% of the amount of protein obtained under comparable conditions from an induced culture. It is concluded that induction of penicillinase activity by penicillin corresponds to the formation of a specific, physicochemically distinct protein.
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